Endomembrane trafficking relies on the coordination of a highly complex, dynamic network of intracellular vesicles. Understanding the network will require a dissection of cargo and vesicle dynamics at the cellular level in vivo. This is also a key to establishing a link between vesicular networks and their functional roles in development. We used a high-content intracellular screen to discover small molecules targeting endomembrane trafficking in vivo in a complex eukaryote, Arabidopsis thaliana. Tens of thousands of molecules were prescreened and a selected subset was interrogated against a panel of plasma membrane (PM) and other endomembrane compartment markers to identify molecules that altered vesicle trafficking. The extensive image dataset was transformed by a flexible algorithm into a marker-by-phenotype-by-treatment time matrix and revealed groups of molecules that induced similar subcellular fingerprints (clusters). This matrix provides a platform for a systems view of trafficking. Molecules from distinct clusters presented avenues and enabled an entry point to dissect recycling at the PM, vacuolar sorting, and cell-plate maturation. Bioactivity in human cells indicated the value of the approach to identifying small molecules that are active in diverse organisms for biology and drug discovery.
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chemical genomics | high content screen | endosidin | endosome T he coordination of multicellular growth to establish and maintain the morphology of eukaryotic organisms during development is orchestrated by complex regulatory processes in which vesicular trafficking within the endomembrane system is essential (1, 2) . The endomembrane system is a network of interconnected pathways required to establish signaling, cell-tocell communication, cell polarity, and cell shape in response to developmental or environmental stimuli (3) . Eukaryotic cells possess the ability to internalize their plasma membrane (PM) and thus rapidly remodel their protein content (4) , which is essential for polar growth, cytokinesis, hormone perception and transport, response to pathogens, and metal detoxification (5) (6) (7) (8) .
To dissect the endomembrane network from a systems perspective and to understand protein functions within the network, it is necessary to perturb trafficking in a controlled fashion and to examine the consequences on growth and development. The ability to induce and evaluate subcellular phenotypes at a significant scale based on combinations of multiple endomembranespecific markers is critical for characterization of the network. In this regard, small molecules are promising for the efficient discovery and evaluation of complex intracellular phenotypes because, for any molecule, lines expressing different endomembrane fluorescent protein markers can be efficiently interrogated in parallel (3) .
In a previous pilot screen we identified endosidin 1 (ES1), a compound that arrests PIN2 and BRI1 in SYP61 aggregates, named ES1 bodies (9) . We have used a modified high-throughput confocal-based screen focused on the rapid recycling of PM markers to discover molecules that target endomembrane trafficking in vivo in a complex eukaryote, Arabidopsis thaliana. An image-based high-content screening dataset was generated through the interrogation of compounds for their effects on the trafficking of multiple PM markers. The data were transformed into a matrix of shared phenotypic profiles of molecules (i.e., clusters of bioactive molecules), which could be used to understand pathways associated with complex multicomponent phenotypes. To demonstrate the power of our bioactive cluster approach to guide rational and comprehensive dissection of endomembrane trafficking in complex plants and animals, we investigated representative molecules (endosidins) within distinct clusters. Unique features of major pathways of the endomembrane network were revealed, including cellular polarity, endosomal recycling and vacuole targeting, and cell-plate formation.
Results

High-Content Cellular Screen for Molecules Affects the Recycling PM
Proteins. To dissect the endomembrane system in a systems-wide approach, we performed a screen for molecules resulting in aberrant intracellular phenotypes. We used an automated primary screen based on the germination and growth of free-living tobacco pollen (9) to rapidly interrogate chemical libraries containing a total of 46,418 compounds (SI Appendix, Fig. S1 ). We hypothesized that the system could identify molecules bioactive in different species, owing to evolutionary conservation. Here, our screen resulted in the identification of 360 (0.77%) inhibitors of pollen germination.
We established a secondary screen based on laser scanning confocal microscopy (LSCM) for disruptors of trafficking from the PM to dissect endocytic processes. As model cargoes, we used the polar PM markers PIN2::PIN1:GFP (10) and PIN2:: PIN2:GFP (11) and the nonpolar PM receptor BRI1::BRI1:GFP (12) expressed in Arabidopsis root tips (SI Appendix, Fig. S1 ). These markers are targeted to the PM through the secretory pathway and actively recycle through endosomes, which are poorly defined in plants (13, 14) . To focus on acute effects on trafficking, we examined cells after 2 h of compound treatment. In addition, a longer-term 24-h treatment was implemented for polar-localized PIN markers to examine effects on slower trafficking processes. The secondary screen resulted in about 7,500 LSCM images representing the behavior of 18,570 seedlings. Overall, the LSCM secondary screen identified 123 small mole- cules out of 360 (34%) that affected the localization of one or more of the three PM markers analyzed in Arabidopsis root tip, underlying the versatility of the screen. We named this collection of 123 molecules plasma membrane recycling compound set A (PMRA) (SI Appendix, Fig. S1 ).
High-Content Analysis of Induced Subcellular Phenotypes. To evaluate and characterize the intracellular effects induced by the 360 molecules in the secondary LSCM screen, a scoring system of chemically induced subcellular phenotypes was developed. The scoring system assigned a number and a corresponding color code to each subcellular phenotype. On the basis of distinct induced subcellular localization of the markers, we identified 18 classes of compounds. Of these, 15 classes represented distinct subcellular phenotypes induced by chemical treatment (Fig. 1A and SI Appendix, Table S1 ). Class 0 represents "no chemical effect," "autofluorescent compounds" are represented by class 16, and "no data collected" represents class 17.
To further characterize the 123 PMRA molecules, we examined the nonpolar recycling PM marker UBQ::NPSN12:YFP (15) and the trans-Golgi network (TGN)/early endosome (EE) marker VHA-a1::VHA-a1:GFP (16) (SI Appendix, Figs. S1 and S2). The results were incorporated into a frequency plot of the 18 chemical classes for all markers and treatments (SI Appendix, Fig. S2 ). Most of the phenotypes corresponded to an accumulation of the fluorescent markers into intracellular bodies, suggesting a decrease in trafficking efficiency. Several chemicals affected multiple markers, i.e., PINs and BRI1, indicating a crosstalk between auxin efflux carriers and brassinosteroid receptor trafficking pathways. Overall, the range of subcellular phenotypes demonstrated the dynamic nature of endomembrane compartments and the ability of small molecules to perturb or arrest them at different intersecting pathways. Table S3 , a numerical presentation mirroring the map is presented. It is color coded as in this figure to indicate the relationships.)
lactone (18) . Phenotypes such as endomembrane bodies (P1 and P2), apparent cytoplasmic localization (P8), or vacuolar body formation (P12), were displayed for the examined markers in different combinations (SI Appendix, Fig. S2 , P1-P12, P16 and P17), suggesting the targeting of shared or interconnected pathways. Surprisingly, changes in polar localization were observed only for basally localized PIN2::PIN1:GFP, not for PIN2::PIN2:GFP that localizes at the apical PM (SI Appendix, Fig. S2, P15 ). This differential effect may reflect distinct pathways for targeting to apical and basolateral surfaces of the cell (8) . Moreover, these changes indicate that the maintenance of PINs at the apical side is more robust than at the basal side. The accumulation of the endosomal marker VHA-a1::VHA-a1:GFP at the PM suggested inhibition of the endocytic pathway ( Fig. 1A and SI Appendix, Fig. S2, P13 ) and/or enhancement of secretory trafficking (17) .
From our analyses, the marker most commonly affected was PIN2::PIN1:GFP, suggesting a highly dynamic cycling capacity of PIN1 expressed in the epidermis, followed by BRI1::BRI1:GFP and PIN2::PIN2:GFP ( Fig. 1B and SI Appendix, Fig. S3 ). Significantly, the maps of PIN2::PIN1:GFP and PIN2::PIN2:GFP were highly distinct when comparing 2-and 24-h treatments (SI Appendix, Figs. S3 and S5), indicating that processes are affected differentially depending upon the length of treatment. Given that the average cell cycle in Arabidopsis roots is about 18 h (19), this highlights the importance of examining events within their biological time frames.
Clustering of Bioactive Molecules. To associate molecules by phenotypic classes, we used hierarchical clustering that treats data points with single and multiple phenotypes in an unbiased manner. This clustering grouped structurally diverse compounds into clusters that induced similar phenotypes as shown for the 123 PMRA compounds (Fig. 1B) or the total of 360 inhibitors of pollen germination (SI Appendix, Fig. S3 ). This indicated that diverse structures could result in similar phenotypes and that a simple structurebased analysis was insufficient to describe this complex system. Clustering of compounds by their structural or property descriptors resulted in very weak coclustering of related phenotypic profiles (SI Appendix, Table S2 ), probably due to the high structural diversity of the compounds present in the libraries.
Map to Visualize Clusters of Bioactive Chemicals. A color-coded representation incorporating multiple subcellular markers chemically treated at different time points was developed. Our computational method considered all phenotypes equally in a nonbiased approach for each molecule across all markers and treatment times (SI Appendix, Tables S3 and S4 ). For ease of presentation, the color-coded bars in the visual display (Fig. 1B and SI Appendix, Fig. S3 ) showed the first numeric phenotype (i.e., 0 > 1> 2 >. . .> 15) (SI Appendix, Tables S3 and S4). As the visual maps indicate, many molecules resulted in similar phenotypes involving either one or multiple PM markers visualized as colored clusters (Fig.  1B) . In further support of the finding that the time of treatment is important, the bioactive clustering of PIN2::PIN1:GFP and PIN2:: PIN2:GFP resulted in maps that were highly distinct when comparing 2-and 24-h treatments (SI Appendix, Figs. S3 and S5). Overall, the resulting bioactive clusters could serve as a unique signature to classify known and unknown compounds. All PMRA molecules that were characterized in detail subsequent to secondary screening and presented here were ESs (9), defined as bioactive molecules affecting trafficking or the morphology of endomembrane compartments. A major cluster identified molecules that induced cargo accumulation in endomembrane bodies (i.e., ES1-like bodies) (Fig.1B, ES3 cluster) . We investigated ES3 as a potential inhibitor of protein trafficking from the PM. The trafficking of PM markers was perturbed by 2 h of treatment ( Fig. 2 A and B; SI Appendix, Fig. S4 A-H and Table S3 ) without modifying cytoskeleton morphology (Fig. 2 C-F) . ES3 affected the TGN/EE compartment without effecting Golgi or late endosome/ prevacuolar compartments (SI Appendix, Fig. S4 I-P) .
Interestingly, developmental phenotypes such as alteration of leaf epidermal pavement cell (PC) shape lobes was observed in ES3-treated seedlings (Fig. 2 K-L and S) . This was consistent with the dependency of PC shape formation on the polarity and en- This ratio was significantly reduced in wild-type WS2 and ric4-1 mutants, suggesting increased lateral expansion, whereas it remained unchanged in ric1-1 and rop6-1 (n = 122 for all treatments). Quantitative analysis of the PC phenotype shows that both ES3-treated wild-type seedlings (t = 1.45E-14) and ric4-1 (t = 6.038E-09) have reduced neck regions and that treated ric1-1 (t = 1.131) and rop6-1 (t = 0.568) seedlings were not sensitive to ES3 compared with wild type or ric4-1-treated seedlings (statistically significant P value <0.05). (T) Schematic representation of the potential mode of action of ES3. ES3 blocks proper PM localization of ROP6, thereby acting through the ROP6/RIC1-dependent signaling pathway. This consequently causes increased lateral expansion in wild-type plants. As a result, the ric1-1 and rop6-1 mutants are resistant to ES3 in contrast to the ric4-1 mutants and could distinguish between the ROP2/ ROP4 and ROP6/RIC1 pathways. (Scale bars, 10 μm.) Error bars represent SE.
docytosis/recycling of PIN1 (20) . In leaf PCs, the intercalation of lobes and indentations is coordinated by the counteraction of the ROP2/RIC4 and the ROP6/RIC1 pathways (21) . Both pathways are activated by auxin, which is sensed by the secreted receptor auxin binding protein 1 (ABP1) (20) , which is also involved in PIN internalization (22) . We then used mutants defective in ROP2/ RIC4 and ROP6/RIC1 pathways to identify possible molecular targets of ES3. The ratio between cell length vs. indentation width of PCs of the ric1-1 and rop6-1 mutants was already reduced compared with wild type; however, they were unaffected by ES3 (Fig. 2 M, N, R, and S) . To the contrary, PCs of the ric4-1 and wild type were sensitive to ES3 (Fig. 2 L, P, and S) . This resistance of ric1-1 and rop6-1 indicated that ES3 was likely targeting the ROP6/ RIC1 pathway, which was supported by the sensitivity of ric4-1 that acts within the antagonistic ROP2/4/RIC4 pathway. One potential mode of action of ES3 was the disruption of ROP6 association with the PM, which is required for polar growth. To test this hypothesis, we examined the localization of PM-associated 35S::ROP6:GFP in roots where PM markers are easily visualized compared with PCs. Indeed, in the presence of ES3, 35S::ROP6:GFP was no longer PM localized (Fig. 2 G and  H) . To the contrary, the localization of 35S::ROP2:GFP (Fig. 2 I and J) was not affected by ES3, further supporting our hypothesis that ES3 targets the ROP6/RIC1 pathway. Thus, by distinguishing between the antagonistic ROP6 and ROP2/4 pathways, ES3 can uncover interactions between ROP signaling and PIN localization in Arabidopsis roots (Fig. 2T) . In terms of our key objective to provide molecules to understand the endomembrane network, the data demonstrated that clusters of bioactive molecules such as the ES3 cluster were an entry point to dissect endomembrane-related developmental processes such as signaling and its effect on polar growth.
ES5 Interferes with Endomembrane-Trafficking Pathways to the
Vacuole. We explored our clustering analysis to reveal specific pathways to the vacuole by merging related phenotypes characteristic of potential defects in vacuolar localization. Thus, we combined phenotypes (9, 11, 12) related to impaired vacuole localization. The resulting map displayed a significant vacuolerelated cluster, represented in green (SI Appendix, Fig. S5 and Table S5 ). The cluster included the molecule ES5 that induced a strong accumulation of PM cargo in the vacuole (Fig. 3 A-J) . ES5 also affected the localization of markers for the TGN/EE, pre-vacuolar compartment (PVC) and Golgi (SI Appendix, Fig.  S6 A-J) without affecting ER, cytoskeleton morphology (SI Appendix, Fig. S6 K-P) , or trafficking of soluble cargo (23) to the vacuole (SI Appendix, Fig. S6 Q-T) . These data indicated that ES5 induced increased trafficking specifically of PM proteins to the vacuole or enhanced their stability once in the vacuole. Consistent with its effects on PIN recycling and targeting to the vacuole (24), ES5 impaired the responsiveness of roots to gravity in a dose-dependent manner (SI Appendix, Fig. S6U ).
ES5 Targets Recycling in Plants and Animals.
To test if increased vacuolar targeting was due to inhibition of recycling, we performed BFA washout experiments (Fig. 4 A-D) . BFA inhibits exocytosis to the PM (13) . In the presence of ES5, the reversibility of the BFA effect was impaired (Fig. 4D) , indicating that ES5 inhibited exocytosis of the PM proteins in plant. To further investigate the mode of action of ES5, we examined its activity on recycling in HeLa cells using the well-described transferrin (Tfn) as a marker. Accumulation of Tfn upon ES5 treatment suggested inhibition of recycling (Fig. 4E) . This was confirmed by fluorescence microscopy that revealed an accumulation of Tfn in an ES5-induced endosomal compartment with aberrant tubular morphology (Fig. 4 F-M) , similar to BFA (25) . The tubule-like endosome compartments appeared within 10 min of ES5 treatment (SI Appendix, Fig. S7 A-C) , indicating a sorting or trafficking defect from early endosomes to recycling endosomes. We concluded that ES5 inhibited the recycling of PM proteins in at least two kingdoms, indicating that its target(s) and pathways were evolutionarily conserved and demonstrated the versatility of plant-based screens in human drug discovery.
ES7 Interferes with a RABA2a-Mediated Pathway for Cell-Plate
Maturation. Apart from the bioactive clusters, some isolated molecules caused highly specific phenotypes. Vesicular trafficking is central to cell division and requires de novo formation of a transient membrane compartment, the cell plate, which matures to a cell wall (26) . In Arabidopsis roots (SI Appendix, Fig.  S3 ), ES7 activity induced visible gaps in the cell-plate localization of PM markers and KNOLLE, a syntaxin involved in plate formation (27) (Fig. 5 A-H) . Markers for ER, Golgi, TGN/EE, PVC, and cytoskeleton were unaffected (SI Appendix, Fig. S8 A- N), indicating the specificity of ES7 activity for cell-plate formation, cell-wall deposition or cell-plate maturation. Observation of live cell-plate formation by microtubule labeling in Nicotiana tabacum (tobacco) Bright Yellow-2 (BY-2) suspension-cultured cells demonstrated that cell cycle progression was unaffected and that plate formation was initiated normally in the presence of ES7; however, cell-plate growth stopped during its expansion phase (Fig. 5I and Movie S1). Callose accumulation in the lumen of the cell plate has been proposed to act as a spreading force for cell-plate expansion (17) .To investigate if ES7 impacted deposition of this polysaccharide, we visualized callose ( Fig. 5 J and K) in Arabidopsis roots. Little or no cellplate staining was observed in ES7-treated cells (Fig. 5 J and K) compared with the control roots (Fig. 5J) , indicating a deficiency in callose synthesis or deposition. Next, we examined the TGN GTPase RABA2a, which is primarily cell plate localized during cytokinesis (28) . Unlike interface cells (SI Appendix, Fig. S8 ), ES7 induced large endomembrane bodies containing RABA2a:: RABA2a:YFP in close proximity to the cell plate (Fig. 5 L and  M) during cytokinesis. However, ES7 treatment had no detectable effect on the distribution of other TGN/EE markers or markers for ER, Golgi, and late endosomes/PVC (SI Appendix, Fig. S8 ). These data indicated impairment of cell-plate maturation through a RABA2a-mediated pathway. Alternatively, ES7 could prevent callose deposition, resulting in the mislocalization of RAB2A:YFP, which is also consistent with reduced callose deposition. Previous studies have shown a role for ARF1 in maintaining KNOLLE localization at the cell plate during late cytokinesis in Arabidopsis (29). The dominant negative mutant 35S::ARF1-TN: GFP (30) was altered in cell-plate formation, a phenotype that was enhanced by ES7, indicating an additive effect of the mutation and ES7 bioactivity (Fig. 5 N-Q) . This indicates that ES7 acts independently of ARF1 or is affecting the remaining ARF1 homologs in Arabidopsis. Our results indicated that ES7 perturbs a secretory pathway that is required for callose-dependent cell-plate maturation. Overall, ES7 demonstrated that small molecules with highly distinctive phenotypes, but residing outside of major bioactive clusters, can be powerful for dissecting specialized pathways.
Discussion
In this study, we demonstrated that small molecules can slow or arrest dynamic endomembrane processes, facilitating the dissection of their molecular components within a biological time frame. The molecules were active in different systems due to evolutionary conservation of their targets. We successfully mapped a complex matrix of chemically induced subcellular phenotypes across a suite of endomembrane-specific markers in a multicellular eukaryote. We identified 123 compounds and groups of subcellular phenotypic profiles that allowed us to separate endomembrane pathways.
Clusters of chemically induced phenotypes provided entry points and avenues of research for the study of pathways within the plant and animal networks. First, ES3 distinguished between two antagonist ROP-signaling pathways. Posttranslational lipid modification is important for membrane association of ROPs (31) . ES3 could affect a lipid modification that is specific to ROP6. Alternatively, ES3 could target proteins regulating ROP activity and localization such as the PAN1 receptor kinase (32) . It is also possible that ES3 affects a downstream effector protein that in turn regulates activity and localization of ROP6 in a feedback mechanism. Second, ES5 demonstrated the ability of clustering to target recycling mechanisms that alter trafficking to the vacuole. The identification of ES5 targets could provide insights into recycling mechanisms across kingdoms. Targets could include proteins involved in vesicle formation and budding in a similar manner with GNOM being a BFA target (33) The inhibition of recycling of PM proteins in a conserved mechanism between two kingdoms indicates the broad potential of our screening data for the discovery of molecules and targets that could be of value for medicine and agriculture. Third, a single molecule, ES7, displayed a capacity to arrest a secretory pathway necessary for the maturation and expansion of cell walls. ES7 could target directly callose synthase itself or proteins involved in its trafficking to the cell plate such as GTPases like RABA2a. Altogether, this demonstrated the specificity of the endomembrane system in different processes such as late cytokinesis and the ability of small molecules to dissect them. A major conceptual feature of our work is an approach that permits a more comprehensive systems view of the endomembrane network. This is achieved by identifying an extensive collection of chemically induced subcellular phenotypes that are pathway specific. The approach using high-content intracellular screening facilitates the parallel discovery and evaluation of complex intracellular phenotypes. This permits options such as the purification of intermediate compartments (34) that are induced by chemical treatment and labeled by one or multiple endomembrane-specific markers.
Thus, our database of phenotypic clusters presents a resource of useful phenotypes for further investigation in addition to a compound collection of value to the community. Furthermore, the biological roles of compartments and cargoes can be understood by using molecules with well-described activities in vivo to link relevant compartments and cargoes to associated developmental and physiological phenotypes, which is critical for understanding protein function. This was demonstrated for all three selected endosidins. ES3 was linked to ROP trafficking and cell-shape development, ES5 was linked to PIN cycling and gravitropism, and ES7 revealed a pathway involving RABA2a and cell division. The direct discovery of endomembrane-defective phenotypes that could then be linked to developmental phenotypes would be a challenge for exclusively forward genetic screens.
The efficiency of high-content screens and clustering will benefit from fully automated microscopy and image analysis, which is emerging in the study of plants (35) . The assignment of endosidins to a range of phenotypic clusters will evolve as new markers, conditions, and phenotypes, including developmental ones, are added to our matrix database. Thus, our database will serve as an ongoing resource to be expanded to include markers and wholeorganism phenotypes, permitting the correlation of complex intracellular and developmental phenotypes. The availability of a range of organized complex phenotypes is powerful because one can easily shop for chemically induced phenotypes that are biologically interesting and can be scored genetically. The large dataset that we have acquired will also provide an excellent computational training set of subcellular responses to enable a systems-based approach of elucidating the endomembrane network.
Our approach also opens the possibility of discovering native molecules involved in plant development. Indeed, it is likely that subpopulations of synthetic molecules could be structurally similar to intrinsic molecules that are not yet characterized. For example, most natural growth regulators in plants have synthetic analogs. Synthetic molecules whose cognate protein targets appear to be receptors or transporters may mimic such natural molecules. Natural molecules could then be identified from the increasing number of natural molecules that are being characterized using metabolomics. Our approach and bioactive library will provide research directions that connect endomembrane trafficking with plant development and response to enviromental stimuli.
Materials and Methods
Four-day-old light-grown seedlings were treated with chemicals of 5-mg/mL stock solutions for all libraries except the library of active compound on Arabidopsis (LATCA) library (2.5 mg/mL), corresponding to a final concentration of 50-100 μM based on the molecular mass of each compound. All chemicals described in this study can be identified by using their ID presented in SI Appendix, Tables S2-S5 through ChemMine (http://bioweb.ucr.edu/ChemMineV2/). BFA-treated seedlings were transferred to 0.5× MS medium containing 0.8% phytoagar to which chemicals were added. For further details, see SI Appendix.
